Silicon alkaline etching using TMAH (Tetra-Methyl Ammonium-Hydroxide) water solution containing a surfactant, allowed us fabricating arbitrary shaped recesses with uniform depth and 45-degree tilted facets on a Si (100) wafer. Such a change in anisotropy was due to preferential adsorption of surfactant molecules on to Si (110) family, resulting in a barrier for etching. Another factor of anisotropy change, i.e., effects of cations in etching solution was also investigated among different etching solutions. Some cations in etching solution interact with Si atomic steps, and thus change the etch rate anisotropy.
INTRODUCTION
Anisotropic wet etching of silicon has been widely used for fabricating MEMS structures such as V grooves, rectangular diaphragms, and cantilevers on a silicon wafer. However, there still are phenomena whose mechanisms are not understood yet. This is why the wet etching process used to be quite conservative in MEMS industry. Based on our recent research on the wet etching, it turned out that some of the conventional common knowledge in etching must be rewritten as follows.
(1) Etch rate ratio among orientations must not be explained by the number of dangling bonds of an atom on an ideally flat crystal surface. Atomic steps existing on a crystal surface which are easily attacked by solutions are dominating etch rates of silicon [1] [2] [3] . (2) Effects of cations so far neglected in etching reaction became evident. Using the first-principle calculation, it was proved that a small amount of Cu-ion can pin up the movement of Si atomic steps [6] . (3) Anisotropic wet etching on Si (100) was so far believed just for making a rectangular recess defined by (111). However, recess of any round profiles can be etched on (100) using TMAH with a surfactant [5] . (4) The working mechanism of the surfactant was clarified by solid-liquid interface analysis using in-situ ATR-FTIR. The surfactant molecules selectively adsorbed to orientations between (110) and (111), acting as a barrier for etching [4] .
ATOMIC STEP ETCH DETERMINES ANISOTROPY
Monte-Carlo simulation results of the atom removal on Si (111) and its vicinal orientation based on the first principle calculation [1] are shown in Fig. 1 . It is apparent that the surface is well described by the step-and-terrace model. Etching does not proceed as a random atom removal from ideally flat surface (terrace), but as a lateral retraction of atomic steps that are easy to be etched. This model was first proposed by Elwenspoek [2] inspired by crystal growth that is the reverse process to etching. Etching rates and 100 nm
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anisotropy is dependent to the activeness of the atomic steps. Actually, the step etch rate ratio is easily variable by the etching solution. For example, KOH and TMAH show different anisotropy [3] . Triangular shaped etch pits on Si (111) etched independently by KOH and TMAH are in mirror relationship as shown in Fig. 2 (a) and (b) . This is explained as a difference in atomic step etch rate ratio between <2 2 -1> and <-2 -2 1> as schematically shown in Fig. 3 .
ANISOTROPY CHANGE BY SURFACTANT ADSORPTION
3.1 Etch rate anisotropy change by adding surfactant [3] When a surfactant is added to TMAH water solution on the order of 0.01%, anisotropy drastically changes as shown in Fig. 4 . The etch rates for (111), (221), (331), (110) are significantly decreased by the surfactant addition.
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3.2 In-situ observation of the liquid-solid interface [4] We have analyzed materials existing on the interface between etching solution and silicon surface during etching using ATR-FTIR method. We found surfactant molecules are selectively adsorbed on Si (111) and (110), and little on Si (100). The FTIR spectra are shown in Fig. 5 . The etch rates for those orientations where surfactant selectively adsorbed are suppressed by the surfactant molecule acting as a barrier against etching.
3.3 Application of surfactant added TMAH solution [5] Conventional anisotropic wet etching applications were confined to fabrication of rectangular recess or straight V-grooves aligned only parallel to <110>. The remarkable change in etching anisotropy due to the surfactant in TMAH solution allowed us fabricating varieties of new type of MEMS structures on Si (100) wafer as shown in Fig. 6 . Arbitrary shaped recess was etched with high uniformity in etching depth (Fig.6 (a) ). V-grooves were etched in any directions; circling, sharp bending, and parallel to <100> as shown in Fig. 6 (b) , (c), (d), respectively. In particular, groove walls in Fig. 6 (d) are tilted 45 degree measured from wafer surface that are useful as light reflecting surfaces in some optical MEMS devices.
